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Abstract 
,Q WKH SUHVHQW VWXG\ QF6L+ WKLQ ILOPV KDYH EHHQ GHSRVLWHG IURP UI3(&9'PHWKRG $ VHW RI GHSRVLWLRQV ZDV
DFKLHYHGE\YDU\LQJGHSRVLWLRQSUHVVXUHIURPP7RUUWR7RUUZKLOHDOORWKHUGHSRVLWLRQSDUDPHWHUVZHUHNHSW
FRQVWDQW6WUXFWXUDORSWLFDODQGHOHFWULFDOSURSHUWLHVRI WKHILOPVZHUH LQYHVWLJDWHG LQGHWDLO'HSRVLWLRQSUHVVXUH LV
IRXQG WREHDFUXFLDOSDUDPHWHU LQ ILQHWXQLQJ WKHPDWHULDOSURSHUWLHV LQFOXGLQJ UHODWLYH IUDFWLRQRIDPRUSKRXVDQG
FU\VWDOOLQHSKDVHV5HVXOWVLQGLFDWHWKDWILOPJURZWKUDWHFULWLFDOO\GHSHQGVRQSODVPDFKHPLVWU\JDVSKDVHFKHPLVWU\
JRYHUQHG E\ YDULDWLRQ LQGHSRVLWLRQSUHVVXUH'HSRVLWLRQ UDWH LQFUHDVHGPRQRWRQLFDOO\ZLWK LQFUHDVH LQ GHSRVLWLRQ
SUHVVXUH6WUXFWXUDOSURSHUWLHVZHUHVWXGLHGE\5DPDQVSHFWURVFRS\DQG ORZDQJOH;5'DQGWKHUHVXOWVVKRZVWKDW
ILOPVDUHQDQRFU\VWDOOLQHRYHUHQWLUHUDQJHRIGHSRVLWLRQSUHVVXUHVWXGLHG+\GURJHQFRQWHQWLQWKHILOPVZDVIRXQG
DWDQGGHFUHDVHVZLWKLQFUHDVHLQGHSRVLWLRQSUHVVXUH%DQGJDSZDVIRXQGLQGHSHQGHQWRIGHSRVLWLRQSUHVVXUH
ZKLOHSKRWRFRQGXFWLYLW\GHFUHDVHGE\RQHRUGHUIURP6FP6XUIDFHPRUSKRORJ\RIILOPVZDVVWXGLHGE\$)0

3XEOLVKHGE\(OVHYLHU/WG6HOHFWLRQDQGRUSHHUUHYLHZXQGHUUHVSRQVLELOLW\RI6RODU(QHUJ\
5HVHDUFK,QVWLWXWHRI6LQJDSRUH6(5,6±1DWLRQDO8QLYHUVLW\RI6LQJDSRUH186

Keywords:+\GURJHQDWHGQDQRFU\VWDOOLQHVLOLFRQ3(&9'UDPDQVSHFWURVFRS\DWRPLFIRUFHPLFURVFRS\EDQGJDS
1. Introduction 
+\GURJHQDWHGVLOLFRQ6L+KDVEHHQVWXGLHGH[WHQVLYHO\DVDEDVLFPDWHULDO IRU WKLQ ILOPVRODUFHOOV
GXHWRQDWXUDODEXQGDQFHRI6LHQYLURQPHQWDOVDIHW\SRWHQWLDOKLJKSHUIRUPDQFHDQGEHLQJFRPSHWHQWIRU

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
ORZ FRVW SURGXFWLRQ ([WHQVLYH UHVHDUFK KDV EHHQ FDUULHG RXW E\ PDQ\ ODERUDWRULHV WR LPSURYH WKH
FRQYHUVLRQHIILFLHQF\RI6L+PDWHULDOEDVHGVRODUFHOOV7KHQF6L+LVDPDWHULDO IURPWKLV IDPLO\ WKDW
KDV EHHQ IDYRXUHG WKDQ LWV DPRUSKRXV FRXQWHUSDUWV GXH WR LWV LQWHUHVWLQJ SURSHUWLHV VXFK DV KLJK
FRQGXFWLYLW\ KLJKFKDUJHFDUULHUPRELOLW\DQGKLJKGRSLQJHIILFLHQF\ >@)XUWKHUPRUH WKHQF6L+KDV
EHWWHUVWDELOLW\DJDLQVWWKHOLJKWLQGXFHGGHJUDGDWLRQFRPSDUHWRD6L+>@$QRWKHULPSRUWDQWDGYDQWDJH
WKDWQF6L+KDVJRWLVWKHFKRLFHVDYDLODEOHDVV\QWKHVLVPHWKRGV7KHUI3(&9'LVRQHVXFKRSWLRQDQG
KDV EHHQ D SUHIHUUHG GHSRVLWLRQ PHWKRG IRU QF6L+ PDWHULDO 7KH 3(&9' KDV EHHQ SURYHQ IRU WKH
LQGXVWULDO DSSOLFDELOLW\ DPRQJ VHYHUDO RWKHUGLUHFW DQG LQGLUHFWPHWKRGVRIGHSRVLWLQJ QF6L+PDWHULDO
7KHSDUDPHWHUVDIIHFWLQJWKHGHSRVLWLRQFRQGLWLRQVDQGKHQFHWKHPDWHULDOTXDOLW\LQ3(&9'DUHEURDGO\
GLYLGHGLQWZRFDWHJRULHV>@KDUGZDUHSDUDPHWHUVDQGSURFHVVSDUDPHWHUV%RWKVHWVRISDUDPHWHUVKDYH
EHHQH[WHQVLYHO\VWXGLHGIRUWKHLUHIIHFWRQWKHPDWHULDOSURSHUWLHV7KHKDUGZDUHSDUDPHWHUVLQIOXHQFLQJ
WKHPDWHULDOTXDOLW\DUHWKHHOHFWURGHJHRPHWU\>@ LQWHUHOHFWURGHGLVWDQFH>@DQGRSHUDWLQJIUHTXHQF\
>@ 7KH SURFHVV SDUDPHWHUV ZKLFK DUH HDVLO\ DGMXVWDEOH IRU D JLYHQ UHDFWRU DUH WKH SRZHU GHQVLW\
GHSRVLWLRQSUHVVXUHVXEVWUDWHWHPSHUDWXUHDQGLQSXWJDVIORZV

7KH SURFHVV SDUDPHWHUV SOD\ D FUXFLDO UROH LQ GHWHUPLQLQJ WKH ILOP SURSHUWLHV LQ 3(&9' 7KHVH
SDUDPHWHUVDIIHFW WKH ILOPSURSHUWLHV LQGLIIHUHQWZD\VDQG LQRUGHU WRREWDLQGHVLUHG ILOPSURSHUWLHVDQ
RSWLPXPVHWRISDUDPHWHUVQHHGWREHVHOHFWHG,WLVZHOONQRZQWKDWWKHGHSRVLWLRQSUHVVXUH3GHSLVRQH
RIWKHFUXFLDOSDUDPHWHUVLQ3(&9'$GHWDLOHGNQRZOHGJHRILQIOXHQFHRI3GHSRQVWUXFWXUDODQGRSWLFDO
SURSHUWLHVRIQF6L+ILOPVLVLPSRUWDQWIRUERWKWKHXQGHUVWDQGLQJIXQGDPHQWDOSK\VLFVRIJURZWKSURFHVV
DVZHOODVWKHIDEULFDWLRQRIQRYHOGHYLFHV+RZHYHUVRIDUWKHUHH[LVWRQO\IHZUHSRUWVLQWKHOLWHUDWXUH
DERXWWKHLQIOXHQFHRIGHSRVLWLRQSUHVVXUHRQIXQGDPHQWDOSURSHUWLHVRIQF6L+ILOPV)RUH[DPSOHWKH
UHVXOWVREWDLQHGE\$PDQDWLGHV et al.>@LQWKLVUHJDUGKDYHVKRZQWKDWERWKHOHFWURQGHQVLW\DQGHQHUJ\
DUHDIIHFWHGE\WKHFKDQJHRIWRWDOSUHVVXUH7KHHIIHFWRILQFUHDVHRIWRWDOJDVSUHVVXUHGXULQJGHSRVLWLRQ
DERYH7RUUZDVLQLWLDOO\VWXGLHGE\*XR et al.>@,WZDVIXUWKHULQWHQVHO\LQYHVWLJDWHGE\VHYHUDORWKHU
UHVHDUFKJURXSV>@,WKDVEHHQVKRZQWKDWLWLVSRVVLEOHWRGHSRVLWGHYLFHJUDGHQF6L+WKLQILOPVDW
GHSRVLWLRQ UDWHV DVKLJK DVcV >@ZKLOH UHFHQW UHVXOWV KDYH GHPRQVWUDWHGKLJK HIILFLHQF\GHYLFHV
ZLWK QF6L+ OD\HUV GHSRVLWHG DW WKH SUHVVXUH RI  7RUU  >@ +RZHYHU WKHUH LV ORW RI URRP IRU WKH
LPSURYHPHQWRIILOPSURSHUWLHVSDUWLFXODUO\DWORZGHSRVLWLRQSUHVVXUHEHFDXVHWKHUHODWLRQEHWZHHQ3GHS
DQGVWUXFWXUHDQGSURSHUWLHVRIWKHUHVXOWLQJILOPVKDVQRWEHHQHOXFLGDWHG\HW,W LVZLWK WKLVPRWLYDWLRQ
WKDWZHLQLWLDWHGWKHGHWDLOHGVWXG\RISUHSDULQJQF6L+WKLQILOPVDWORZGHSRVLWLRQSUHVVXUH7RUU
,Q WKLV SDSHU ZH SUHVHQW WKH GHWDLO LQYHVWLJDWLRQ RI VWUXFWXUDO DQG RSWLFDO SURSHUWLHV RI QF6L+ ILOPV
GHSRVLWHGE\3(&9'DVDIXQFWLRQRI3GHS,WKDVEHHQREVHUYHGWKDWWKHVHSURSHUWLHVDUHJUHDWO\DIIHFWHG
E\WKHGHSRVLWLRQSUHVVXUH
2. Experimental details 
2.1. Film preparation 
)LOPVKDYHEHHQGHSRVLWHGLQDFRQYHQWLRQDO3(&9'V\VWHP$1(/9$-DSDQWKHGHWDLOVRIZKLFK
KDYH EHHQ GHVFULEHG HOVHZKHUH >@ )LOPV ZHUH SUHSDUHG E\ JORZ GLVFKDUJH GHFRPSRVLWLRQ RI 6L+
06*DQG+8+3PL[WXUH7KHILOPVZHUHGHSRVLWHGVLPXOWDQHRXVO\RQFRUQLQJJODVVWRVWXG\
RSWLFDODQGHOHFWULFDOSURSHUWLHVDQGF6LZDIHUV FPSW\SH WRVWXG\VWUXFWXUDOSURSHUWLHV7KH
IORZUDWHVRI6L+DQG+ZHUHNHSWFRQVWDQWDW VFFPDQGVFFPUHVSHFWLYHO\DQG WKHGHSRVLWLRQ
SUHVVXUH LV YDULHG EHWZHHQ P7RUU DQG 7RUU XVLQJ D WKURWWOH YDOYH DW VXFWLRQ SRUW RI WKH SURFHVV
FKDPEHU:LWKWKHSUHVHQWVHWRIH[SHULPHQWZHUHVWULFWWKHGHSRVLWLRQSUHVVXUHEHWZHHQP7RUUDQG
7RUU:HZHUHXQDEOHWRGHSRVLWWKHILOPVEHORZP7RUUGXHWRXOWLPDWHVXFWLRQFDSDFLW\RIYDFXXP
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SXPSV2WKHUGHSRVLWLRQSDUDPHWHUVDUHOLVWHGLQ7DEOH7KHJODVVVXEVWUDWHVZHUHLQLWLDOO\FOHDQHGZLWK
LQ3LUDQKDVROXWLRQ+62+2LQWKHSURSRUWLRQRIDIWHUXOWUDVRQLFEDWKIRUPLQXWHVDQGIROORZHG
E\ ZDVK LQ GLVWLOOHG ZDWHU 7KHQ GU\ QLWURJHQ ZDV IOXVK WR ZLSH RII WKH ZDWHU RQ WKH JODVV 7KH F6L
VXEVWUDWHV ZHUH WUHDWHG ZLWK +) WR HWFK RXW QDWLYH R[LGH OD\HU 7KH VXEVWUDWHV ZHUH ORDGHG DQG WKH
GHSRVLWLRQFKDPEHUZDVHYDFXDWHGWRDEDVHSUHVVXUHOHVVWKDQîP7RUU6XEVWUDWHVZHUHKHDWHGWR
WKH GHVLUHG WHPSHUDWXUH E\ VXLWDEO\ VHWWLQJ WKH WKHUPRFRXSOH DQG WKH WHPSHUDWXUH FRQWUROOHU 7KH
GHSRVLWLRQZDVFDUULHGRXWIRUGHVLUHGDPRXQWRIWLPHDQGILOPVZHUHDOORZHGWRFRROWRDERXW &LQ
YDFXXP7KHQILOPVZHUHWDNHQRXWIRUFKDUDFWHULVDWLRQ
7DEOH'HSRVLWLRQSDUDPHWHUVHPSOR\HGIRUWKHSUHSDUDWLRQRIQF6L+WKLQILOPV
6XEVWUDWHWHPSHUDWXUH7VXE &
,QWHUHOHFWURGHVHSDUDWLRQGHV PP
6LODQHIORZUDWH)6L+ VFFP
+\GURJHQIORZUDWH)+ VFFP
5)SRZHU :DWW
'HSRVLWLRQSUHVVXUH3GHS P7RUUWR7RUU
7LPHRIGHSRVLWLRQW PLQ
2.2. Film characterisation 
'DUN FRQGXFWLYLW\ Vdark DQGSKRWRFRQGXFWLYLW\ VphotoZHUHPHDVXUHGZLWK FRSODQDU$O HOHFWURGHV
7KH)7,5VSHFWUDRI WKH ILOPVZHUH UHFRUGHGE\XVLQJ)7,5VSHFWURSKRWRPHWHU 6KLPDG]X -DSDQDQG
ERQGHGK\GURJHQFRQWHQWLQWKHILOPVZHUHHVWLPDWHGIURPLQWHJUDWHGLQWHQVLW\RIWKHFPIRU6L+
URFNLQJZDJJLQJDEVRUSWLRQEDQGXVLQJ WKHPHWKRGJLYHQE\ WKH%URGVN\ et al. >@7KHEDQGJDSZDV
HVWLPDWHGXVLQJ WKHSURFHGXUHIROORZHGE\7DXF>@5DPDQ VSHFWUDZHUHUHFRUGHGZLWKPLFUR5DPDQ
VSHFWURVFRS\ -RELQ <YRQ +RULEUD /$%5$0+5 LQ  FP UDQJH 7KH VSHFWURPHWHU KDV
EDFNVFDWWHULQJJHRPHWU\ IRUGHWHFWLRQRI5DPDQVSHFWUXPZLWK WKH UHVROXWLRQRIFP7KHH[FLWDWLRQ
VRXUFHZDVQPOLQHRI+H1HODVHU7KH5DPDQVSHFWUDZHUHGHFRQYROXWHG LQWKHUDQJH
FPXVLQJ/HYHQEHUJ0DUTXDUGWPHWKRG>@LQWRWKHLULQWHJUDWHGFU\VWDOOLQHIc aFPDPRUSKRXV
Ia aFPDQGLQWHUPHGLDWHIm aFPSHDNV7KHFU\VWDOOLQHIUDFWLRQXRaman)ZDVWKHQGHGXFHG
IRU µODUJH¶ FU\VWDOOLWHV DQG µVPDOO¶ FU\VWDOOLWHV XVLQJ WKH UHODWLRQV ;5DPDQODUJH   ,F  ,D  ,P  ,F DQG
;5DPDQVPDOO ,P,D,P,F EDVHGDVSURSRVHGE\6DQFKR3DUUDPRQ et al.>@7KHFU\VWDOOLWHVL]HZDV
FDOFXODWHGXVLQJWKHUHODWLRQG5DPDQ S%ǻZZKHUH¨ZLVWKHSHDNVKLIWFRPSDUHGWRWKHF6LDQG%
 FPQP >@/RZDQJOH[UD\GLIIUDFWLRQVSHFWUDZHUHREWDLQHGE\[UD\GLIIUDFWRPHWHU %UXNHU
'$GYDQFH*HUPDQ\ XVLQJ&X.DOLQHO c7KHVSHFWUDZHUHWDNHQDWDJUD]LQJDQJOHRI
$YHUDJH FU\VWDOOLWH VL]HZDV HVWLPDWHGXVLQJ WKH FODVVLFDO 6FKHUUHU¶V IRUPXOD G[UD\  O%FRVș% >@
7KLFNQHVVRIILOPVZDVGHWHUPLQHGE\7DO\VWHSSURILORPHWHU7D\ORU+REVRQ5DQN7KHSDUWLFOHVL]HDQG
VXUIDFHWRSRJUDSK\RIILOPVZHUHVWXGLHGE\$)0-(2/-630-DSDQ
3. Results and discussion  
3.1. Variation in deposition rate 
)LOPVZHUH GHSRVLWHG IRU D GHVLUHG WLPH SHULRG DQG WKH GHSRVLWLRQ UDWH LV FDOFXODWHG IURP WKLFNQHVV
PHDVXUHPHQW7KHGHSRVLWLRQUDWH UGDVD IXQFWLRQRIGHSRVLWLRQSUHVVXUH 3GHS LVSORWWHG LQ)LJ$V
VHHQIURPWKHILJXUHUGLQFUHDVHVPRQRWRQLFDOO\IURPacVWRacVZKHQ3GHSLQFUHDVHVIURP
P7RUUWR7RUU7KHGHSRVLWLRQRIDILOPLQYROYHVWZRVLPXOWDQHRXVSURFHVVHVILUVWWKHGHSRVLWLRQRIWKH
ILOPIRUPLQJ UDGLFDOV DQG VHFRQG EHLQJ WKH HWFKLQJ RI GHSRVLWHG PDWHULDO 'HSRVLWLRQ UDWH LV WKXV
JRYHUQHGE\WKHGRPLQDWLQJQDWXUHEHWZHHQWKHVHWZRSURFHVVHV
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

)LJ'HSRVLWLRQUDWHDVDIXQFWLRQRIGHSRVLWLRQSUHVVXUH7KHYHUWLFDOEDUVVKRZWKHVWDQGDUGPHDQHUURU
,QFUHDVHLQGHSRVLWLRQUDWHZLWKLQFUHDVHLQGHSRVLWLRQSUHVVXUHFDQEHDWWULEXWHGWRIROORZLQJIDFWRUV
x :LWKLQFUHDVHLQ3GHSWKHGHQVLW\RI6L+PROHFXOHVLQWKHSURFHVVFKDPEHULQFUHDVHV7KLVUHVXOWVLQ
DQLQFUHDVHLQQXPEHURIILOPIRUPLQJUDGLFDOVGXHWRLQFUHDVHGLRQLVDWLRQRI6L+6RGHSRVLWLRQUDWH
LQFUHDVHVZLWKLQFUHDVHLQGHSRVLWLRQSUHVVXUH
x ,QFUHDVHLQ3GHSOHDGVWRLQFUHDVHLQVHFRQGDU\JDVSKDVHUHDFWLRQVDQGUHDFWLRQSURGXFWV$WRPLF+LV
GHSOHWHG WKURXJK VHFRQGDU\ JDV SKDVH UHDFWLRQV &RQVHTXHQWO\ HWFKLQJ RI JURZLQJ PDWHULDO GXH WR
DWRPLF+GHFUHDVHV7KXVGHSRVLWLRQUDWHLQFUHDVHVZLWKLQFUHDVHLQGHSRVLWLRQSUHVVXUH
x ,QFUHDVH LQ 3GHS DOVR LQFUHDVHV WKH GZHOO WLPH RI UDGLFDOV LQ SODVPD ,W LQFUHDVHV WKH SUREDELOLW\ WKDW
JHQHUDWHG UDGLFDOV ZLOO UHDFK WR WKH VXEVWUDWH DQG FRQWULEXWH WR WKH ILOP JURZWK 7KXV RYHUDOO
GHSRVLWLRQUDWHLQFUHDVHVZLWKLQFUHDVHLQGHSRVLWLRQSUHVVXUH
3.2. Raman spectroscopy analysis 
7KH5DPDQVSHFWUDREWDLQHGIRUILOPVGHSRVLWHGGLIIHUHQWGHSRVLWLRQSUHVVXUHV3GHSDUHVKRZQLQ)LJ
D7KHVSHFWUDKDYHEHHQQRUPDOLVHGIRUPD[LPXPLQWHQVLW\DQGSORWWHGZLWKFRQVWDQWYHUWLFDOVKLIWIRU
EHWWHU FODULW\ (DFK VSHFWUXP VKRZQ LQ )LJ D ZDV GHFRQYROXWHG LQWR WKUHH *DXVVLDQ SHDNV ZLWK D
TXDGUDWLFEDVHOLQHPHWKRG)LJXUHEUHSUHVHQWVDW\SLFDOGHFRQYROXWHG5DPDQVSHFWUDIRUWKHQF6L+
ILOPSUHSDUHGDW3GHS P7RUU$VVHHQIURP)LJDDOOILOPVKDYHDEURDGSHDNFHQWUHGaFP
ZKLFKLVDFKDUDFWHULVWLFRIQF6L+,QDGGLWLRQVKLIWRIWKLVSHDNWRZDUGVORZHUZDYHQXPEHUKDVEHHQ
REVHUYHGZLWKLQFUHDVHLQGHSRVLWLRQSUHVVXUH7KHVHUHVXOWVVXJJHVWGHFUHDVHLQFU\VWDOOLQHIUDFWLRQLQWKH
ILOPZLWKLQFUHDVHLQGHSRVLWLRQSUHVVXUH7KHFU\VWDOOLQHYROXPHIUDFWLRQGHFUHDVHIURPaWR
ZKHQGHSRVLWLRQSUHVVXUHLQFUHDVHVIURPP7RUUWR7RUUVHH7DEOH

7KHFU\VWDOOLWHVL]HZDVFDOFXODWHGIRUWZRSKDVHVµVPDOO¶FU\VWDOOLWHVSHDNEHWZHHQDQGFP
DQGµODUJH¶FU\VWDOOLWHVSHDNaFP>@)LQDOO\WKHRYHUDOOFU\VWDOOLWHVL]HLVHVWLPDWHGE\WDNLQJWKH
UDWLRRIODUJHDQGVPDOOFU\VWDOOLWHVZKLFKLVVKRZQLQWKHODVWFROXPQRI7DEOH7KHRYHUDOOFU\VWDOOLWH
VL]HGHFUHDVHV IURPaQP WRaQPDVGHSRVLWLRQSUHVVXUH LQFUHDVHG IURPP7RUU WR7RUU
,QFUHDVHLQGHSRVLWLRQSUHVVXUHSOD\VDQLPSRUWDQWUROHLQGHWHUPLQLQJPDWHULDOSURSHUWLHVE\FRQWUROOLQJ
WKHSODVPDFKHPLVWU\$W ORZHU3GHS UDGLFDOV UHDFKLQJ WKH VXUIDFH DUHPDLQO\6L+DQG+ >@6R WKH
JURZWKVXUIDFHLVZHOOFRYHUHGZLWK6L+DQG+UDGLFDOV7KH\GLIIXVHLQWKHJURZLQJVXUIDFHUHVXOWLQWKH
JURZWK RI QDQRFU\VWDOOLVDWLRQ %XW ZLWK LQFUHDVH LQ 3GHS GHQVLW\ RI 6L+[ UDGLFDOV UHDFKLQJ WKH JURZWK
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VXUIDFHJHWVLQFUHDVHGDQGWKLVOLPLWVWKHJURZWKRIWKHQDQRFU\VWDOOLWHV>@7KLVLVDPSOLILHGLQWKH
IRUPRIUHGXFWLRQRIRYHUDOOFU\VWDOOLWHVL]HLQWKHILOPVDQGLQFUHDVHLQDPRUSKRXVFRQWHQW












)LJD5DPDQVSHFWUDRIWKHILOPVGHSRVLWHGDWGLIIHUHQWGHSRVLWLRQSUHVVXUHE$W\SLFDOGHFRQYROXWHG5DPDQ
VSHFWUXPIRUWKHILOPGHSRVLWHGDW3GHS P7RUU
7DEOH'HWDLODQDO\VLVRIWKH5DPDQVSHFWUDRIWKHILOPGHSRVLWHGDWGLIIHUHQWGHSRVLWLRQSUHVVXUHV3GHS
'HSRVLWLRQ
3UHVVXUHP7RUU
&U\VWDOOLQH9ROXPH
)UDFWLRQ;5DPDQ
6L]HRI6PDOO
&U\VWDOOLWHVQP
6L]HRI/DUJH
&U\VWDOOLWHVQP
2YHUDOO&U\VWDOOLWH6L]H
G5DPDQQP
    
    
    
    
    
    
3.3. Low-angle x-ray diffraction analysis 
)LJXUHVKRZVWKH[UD\GLIIUDFWLRQSDWWHUQRI ILOPVGHSRVLWHGDWYDULRXVGHSRVLWLRQSUHVVXUHV3GHS
$VVHHQIURPWKHILJXUHWKHILOPVGHSRVLWHGIRUHQWLUHUDQJHRI3GHSZHUHQDQRFU\VWDOOLQH)XUWKHUPRUHLW
LVVHHQIURPWKHSDWWHUQWKDW WKHILOPVKDYHSUHIHUUHGFU\VWDOORJUDSKLFRULHQWDWLRQDORQJWKHSODQH
ZKHUHDVDQGZHUHDOVRREVHUYHGZLWKOHVVHULQWHQVLW\


)LJ;UD\GLIIUDFWLRQSDWWHUQVRIWKHILOPVGHSRVLWHGE\YDU\LQJGHSRVLWLRQSUHVVXUHV
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4XDOLWDWLYHO\ LW LV FOHDUO\ VHHQ WKDW WKH):+0RI WKHSDWWHUQ LQFUHDVHVZLWK LQFUHDVLQJ3GHS7KLV LV
DOVR VXSSRUWHG E\ TXDQWLWDWLYH GDWD RI WKH DYHUDJH FU\VWDOOLWH VL]H HVWLPDWHG E\ WKH FODVVLFDO 6FKHUUHU¶V
IRUPXOD7KHYDOXHVRI DYHUDJH FU\VWDOOLWH VL]H IRU ILOPVGHSRVLWHG DW GLIIHUHQW3GHS DV HVWLPDWHGE\ WKH
FODVVLFDO6FKHUUHU¶V IRUPXODDUHDOVRVKRZQLQ)LJ7KHDYHUDJHFU\VWDOOLWH VL]HRI WKHQF6L+JUDLQV
JRHVRQGHFOLQLQJPRQRWRQLFDOO\IURPaQPWRaQPZKHQ3GHSLQFUHDVHVIURPP7RUUWR7RUU
7KHVH UHVXOWV DUH FRQVLVWHQW ZLWK WKH FU\VWDOOLWH VL]H HVWLPDWHG IURP WKH 5DPDQ VSHFWURVFRSLF
PHDVXUHPHQWVDVGHSLFWHGLQWKH7DEOH7KHPDLQFRPPRQREVHUYDWLRQLQWKHFU\VWDOOLWHVL]HHVWLPDWLRQ
IURP WKHVH WZR DQDO\VLV WHFKQLTXHV FDQ EH QRWHG DV WKH GHFUHDVH LQ WKH DYHUDJH FU\VWDOOLWH VL]H ZLWK
LQFUHDVLQJ GHSRVLWLRQ SUHVVXUH 7KH GLIIHUHQFH REVHUYHG LQ FU\VWDOOLWH VL]H HVWLPDWHG IURP WKHVH WZR
DQDO\VLV WHFKQLTXHV LV GXH WR WKH GLIIHUHQFH LQ WKH ZRUNLQJ SULQFLSOHV RI WKH WHFKQLTXHV 7KXV [UD\
GLIIUDFWLRQ UHVXOWV VXSSRUWV WKH FU\VWDOOLWH VL]H UHVXOWV REWDLQHG IURP WKDW RI 5DPDQ 6SHFWURVFRS\ DQG
FRQILUPVLQGHSHQGHQWO\WKHSUHIHUUHGFU\VWDOORJUDSKLFRULHQWDWLRQWREH
3.4. Atomic force microscopy (AFM) analysis 
,QSXUVXLW RI WRSRJUDSKLFDO DVSHFWV RI GHSRVLWHG ILOPVZH FDUULHGRXW$)0 LQYHVWLJDWLRQV)LJXUH
GHSLFWV VXUIDFH WRSRJUDSK\ LQYHVWLJDWHG E\ $)0 IRU WKH ILOPV GHSRVLWHG DW 3GHS     DQG 
P7RUU:LWKLQFUHDVHLQGHSRVLWLRQSUHVVXUH3GHSVLJQLILFDQWGLIIHUHQFHVLQVWUXFWXUHFDQEHVHHQ







)LJ$)0LPDJHVRIILOPVGHSRVLWHGDWDP7RUUEP7RUUFP7RUUVFDQQHGRQPîP
DUHD,PDJHVRQULJKWVLGHRIWKHDUURZRIHDFK>DEF@DUHVFDQQHGRYHUQPîQPDQGVLQJOHSDUWLFOH
ZLWKDYHUDJHVL]HLVVKRZQLQLQVHW
$VVHHQIURPWKH)LJDWKHILOPVGHSRVLWHGDW3GHS P7RUUVKRZDODUJHQXPEHURIVSKHULFDO
VKDSHSDUWLFOHDJJORPHUDWHVDUHREVHUYHGLQGLFDWLQJQDQRFU\VWDOOLQHQDWXUHRIWKHPDWHULDO)RUWKLVILOP
WKH DYHUDJHSDUWLFOH VL]H LVaQPDQG506VXUIDFH URXJKQHVVaQP:LWK LQFUHDVH LQGHSRVLWLRQ
(a) (a1)
(b1)(c1)
(a) (a1)
(b) (b1)
(c) (c1)
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SUHVVXUH LH WKH ILOPV GHSRVLWHG DW 3GHS   P7RUU DQG  7RUU VKRZZHOO UHVROYHG VPDOO DQG QRQ
XQLIRUP JUDLQV LQGLFDWLQJ ELSKDVLF DPRUSKRXV  QDQRFU\VWDOOLQH QDWXUH RI WKH PDWHULDO 7KH DYHUDJH
JUDLQVL]HDQGVXUIDFHURXJKQHVVIRUWKHVHILOPVZHUHaDQGQPDQGaDQGQPUHVSHFWLYHO\
7KHVH UHVXOWV VXJJHVW WKDW ZLWK LQFUHDVLQJ GHSRVLWLRQ SUHVVXUH WKH ILOPV SUHSDUHG E\ 3(&9' EHFRPH
SRURXVDQGGHIHFWLYH'LIIHUHQFHEHWZHHQWKHDYHUDJHJUDLQVL]HGHWHUPLQHGE\5DPDQ;5'DQG$)0
WHFKQLTXHVKDVEHHQUHSRUWHGSUHYLRXVO\>@

3.5. FTIR spectroscopic analysis 
7RUHYHDOWKHK\GURJHQERQGLQJFRQILJXUDWLRQDQGWRHVWLPDWHWKHWRWDOK\GURJHQFRQWHQWLQWKHILOPV
)7,5VSHFWURVFRS\LVXVHG)LJXUHDVKRZVWKH)7,5VSHFWUDIRUVRPH6L+ILOPVGHSRVLWHGDWYDULRXV
GHSRVLWLRQSUHVVXUH7KHKRUL]RQWDOEUHDNEHWZHHQFPWRFPLVDGGHGIRUEHWWHUFODULW\$V
VHHQIURPWKHILJXUHWKHILOPVGHSRVLWHGDW3GHS P7RUUKDYHPDMRUDEVRUSWLRQEDQGVDWaFP
DQGaFPZKLFKFRUUHVSRQGWRWKHZDJJLQJYLEUDWLRQDOPRGHVRIGLIIHUHQWERQGLQJFRQILJXUDWLRQV
DQGWKHVWUHWFKLQJYLEUDWLRQDOPRGHRIPRQRK\GURJHQ6L+ERQGHGVSHFLHVUHVSHFWLYHO\>@










)LJD)7,5WUDQVPLVVLRQVSHFWUDRIVRPHILOPVWKHUHVSHFWLYHGHSRVLWLRQSUHVVXUHYDOXHVDUHODEHOOHGIRUHDFK
VSHFWUXP+RUL]RQWDOEUHDNEHWZHHQFPWRFPLVDGGHGIRUEHWWHUFODULW\E&DOFXODWHGYDOXHVRI
ERQGHGK\GURJHQFRQWHQWDVDIXQFWLRQRIGHSRVLWLRQSUHVVXUH7KHYHUWLFDOEDUVVKRZWKHVWDQGDUGPHDQHUURULQ
HVWLPDWLRQRIK\GURJHQFRQWHQW
7KHVSHFWUXPDOVRH[KLELWVEHQGLQJYLEUDWLRQDOPRGHEHWZHHQFPDVVRFLDWHGZLWK6L+DQG
6L+QFRPSOH[HVLVRODWHGRUFRXSOHG>@ZLWKOHVVHULQWHQVLW\7KHVHUHVXOWVFOHDUO\LQGLFDWHWKDWDW
ORZ GHSRVLWLRQ SUHVVXUH WKH K\GURJHQ LV SUHGRPLQDQWO\ LQFRUSRUDWHG LQ WKH ILOPV LQ 6L+ ERQGLQJ
FRQILJXUDWLRQ ,QDGGLWLRQWRWKHVHYLEUDWLRQDOPRGHVDQDEVRUSWLRQSHDNDWaFPDVVRFLDWHGZLWK
WKHDV\PPHWULF6L26LVWUHWFKLQJYLEUDWLRQLVDOVRVHHQLQWKH)7,5VSHFWUXPIRUWKHILOPVGHSRVLWHGDW
ORZHU GHSRVLWLRQ SUHVVXUH 7KLV LV LQGLFDWLYH RI DQ R[LGDWLRQ HIIHFW FDXVHG E\ LWV SRURXVOLNH
PLFURVWUXFWXUH ZKLFK LV D W\SLFDO IHDWXUH IRU QF6L+ WKLQ ILOPV >@ +RZHYHU ZLWK LQFUHDVH LQ
GHSRVLWLRQSUHVVXUHWKHDEVRUSWLRQRIFPEDQGGHFUHDVHV$WWKHVDPHWLPHWKHDEVRUSWLRQRIEDQG
DW a FP VKLIW WRZDUGV KLJKHU ZDYH QXPEHU DQG LWV LQWHQVLW\ LQFUHDVHV ZLWK LQFUHDVH LQ SURFHVV
SUHVVXUH7KXVWKHILOPGHSRVLWHGDW3GHS 7RUUVKRZVLPLODUEDQGVEXWZLWKDGGLWLRQDODEVRUSWLRQSHDN
DWa FP $FFRUGLQJ WR WKH OLWHUDWXUH WKH DEVRUSWLRQ SHDN a  FP FRUUHVSRQGV WR VWUHWFKLQJ
YLEUDWLRQDOPRGHVRI6L+DQG6L+QVSHFLHV>@)XUWKHUPRUHWRFRQILUPWKH YDULRXVVWUHWFKLQJ
PRGHVRIK\GULGHVSUHVHQW LQ WKHILOPV WKH)7,5VSHFWUDZHUHGHFRQYROXWHG LQ WKHUDQJHFP WR
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FP>@7KHVHUHVXOWVFOHDUO\LQGLFDWHWKDWZLWKLQFUHDVHLQGHSRVLWLRQSUHVVXUHK\GURJHQERQGLQJ
LQWKHILOPVVKLIWVIURP6L+ERQGHGVSHFLHVWR6L+DQG6L+QFRPSOH[HV

,WZDV IRXQG WKDW WKHK\GURJHQ FRQWHQW LQ 6L+PDWHULDOV FDOFXODWHG IURPGLIIHUHQWPHWKRGV LV TXLWH
GLIIHUHQW+RZHYHULWKDVEHHQUHSRUWHGWKDWWKHLQWHJUDWHGLQWHQVLW\RIWKHSHDNDWaFPLVWKHEHVW
PHDVXUHRIK\GURJHQFRQWHQWDQGRWKHUEDQGVDUH OHVV UHOLDEOH >@:KDWHYHUPD\EH WKHQDWXUHRI WKH
K\GURJHQERQGLQJFRQILJXUDWLRQ6L+6L+ 6L+Q6L+HWFDOO W\SHVRI WKHYLEUDWLRQDOPRGHVZLOO
FRQWULEXWH WR WKH  FP DEVRUSWLRQ EDQG >@7KXV WKH K\GURJHQ FRQWHQW KDV EHHQ HVWLPDWHG XVLQJ
LQWHJUDWHGLQWHQVLW\RIWKHSHDNDWFP)LJXUHEVKRZVWKHYDULDWLRQRIK\GURJHQFRQWHQW&+DVD
IXQFWLRQRIGHSRVLWLRQSUHVVXUH3GHS$VVHHQIURPWKHILJXUH&+LQWKHILOPGHFUHDVHVIURPaDW
WRaDWDV3GHSLQFUHDVHVIURPP7RUUWR7RUU:HDWWULEXWHWKHGHFUHDVHLQ&+ZLWKLQFUHDVLQJ
WKH3GHSWRGHFUHDVHLQFU\VWDOOLQLW\LQWKHILOPZLWKLQFUHDVHLQGHSRVLWLRQSUHVVXUH,QQF6L+QRUPDOO\
WKH 6L QDQRFU\VWDOV DUH HPEHGGHG LQ DPRUSKRXV WLVVXH RU RWKHUZLVH WKH QDQRFU\VWDOOLQH JUDLQV DUH
VXUURXQGHGE\DPRUSKRXVSDUWDQGPRVWK\GURJHQLVLQFRUSRUDWHGDWJUDLQERXQGDULHVRUJUDLQERXQGDU\
WLVVXH$SSHDUDQFHRIWKHDEVRUSWLRQSHDNDWaFPWRJHWKHUZLWKWKHZDJJLQJPRGHDEVRUSWLRQLQ
WKHUDQJHFPLQWKH)7,5VSHFWUDDQGHQKDQFHPHQWLQWKHLULQWHQVLW\ZLWKLQFUHDVHLQGHSRVLWLRQ
SUHVVXUHVXSSRUWVWKLV
3.6. Variation in bandgap
7KHLQIOXHQFHRIGHSRVLWLRQSUHVVXUH3GHSRQWKHEDQGJDS(JLVVKRZQLQ)LJ,WFDQEHVHHQIURP
WKHILJXUHWKDWWKHEDQGJDSLVDOPRVWLQGHSHQGHQWRQWKHGHSRVLWLRQSUHVVXUHHPSOR\HGIRUWKHV\QWKHVLV
QF6L+ILOPVE\3(&9'PHWKRG


)LJ9DULDWLRQRIEDQGJDSDVDIXQFWLRQRIGHSRVLWLRQSUHVVXUHIRUQF6L+ILOPVGHSRVLWHGE\3(&9'PHWKRG
7KHYHUWLFDOEDUVVKRZWKHVWDQGDUGPHDQHUURULQHVWLPDWLRQRIEDQGJDS
,WLVDFFHSWHGWKDWWKHEDQGJDSGHSHQGVRQWKHK\GURJHQFRQWHQWDQGLWLQFUHDVHVZLWKWKHLQFUHDVH LQ
K\GURJHQFRQWHQWLQWKHILOPV>@+RZHYHU LQWKHSUHVHQWLQYHVWLJDWLRQV WKHEDQGJDSLVIRXQGDOPRVW
FRQVWDQW RYHU WKH HQWLUH UDQJH RI GHSRVLWLRQ SUHVVXUH VWXGLHG LQGLFDWLQJ WKDW WKH DPRXQW RI ERXQGHG
K\GURJHQ RQO\ FDQQRW DFFRXQW IRU WKH EDQGJDS LQ QF6L+ ILOPV ,Q DGGLWLRQ WKHUH H[LVW VHYHUDO
DPELJXLWLHV DERXW WKH EDQGJDS RI QF6L+ ILOPV EHFDXVH WKH PDWHULDO FRQWDLQV ERWK  DPRUSKRXV DQG
FU\VWDOOLQH SKDVHV 7KH W\SLFDO YDOXH RI WKH EDQGJDS RI K\GURJHQDWHG DPRUSKRXV VLOLFRQ D6L+ LV
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EHWZHHQDQGH9GHSHQGLQJRQWKHSURFHVVSDUDPHWHUV$FFRUGLQJO\LQWKHFDVHRIDPL[HGSKDVH
RIFU\VWDOOLQHDQGDPRUSKRXVLHQDQRFU\VWDOOLQHSKDVHWKHEDQGJDSVKRXOGOLHEHWZHHQDPRUSKRXVDQG
FU\VWDOOLQHVLOLFRQ>@+RZHYHU LQWKHSUHVHQWFDVHZHKDYHREVHUYHGKLJKEDQGJDSYDOXHVaH9
RYHUWKHHQWLUHUDQJHRIGHSRVLWLRQSUHVVXUHHPSOR\HG:HWKLQNWKDWVXFKKLJKEDQGJDSYDOXHVDUHPD\
EHGXHWRWKHSUHVHQFHRIPLFURYRLGVLQWKHILOPV7KHVHPLFURYRLGVUHGXFHWKHHIIHFWLYHGHQVLW\RIWKH
PDWHULDO DQG LQFUHDVH DYHUDJH6L6LGLVWDQFH >@7KLV ORZHUV WKH DEVRUSWLRQ LQ WKH ILOPDQG VKLIWV WKH
WUDQVPLVVLRQ FXUYH WRZDUGV KLJKHU SKRWRQ HQHUJ\ 7KLV SURGXFHV KLJKHU RSWLFDO EDQGJDS ZKLFK LV
HVWLPDWHGE\H[WUDSRODWLRQRIDEVRUSWLRQFXUYHRQWKHHQHUJ\D[LV
3.7. Electrical conductivity measurement 
)LJXUHVKRZVWKHGHSHQGHQFHRIGDUNFRQGXFWLYLW\V'DUNDQGSKRWRFRQGXFWLYLW\V3KRWRRIQF6L+
ILOPVGHSRVLWHGDWYDULRXVGHSRVLWLRQSUHVVXUHV3GHS$VVHHQIURPWKHILJXUHERWKWKHV'DUNDQGWKHV3KRWR
GHFUHDVHIURPa6FPWRa6FPZKHQ3GHSLQFUHDVHVIURPP7RUUWR7RUU$VDUHVXOWWKH
ILOPVGLGQ
WVKRZDQ\SKRWRVHQVLWLYLW\JDLQ7KLVLVH[SHFWHGEHFDXVHILOPVZHUHQDQRFU\VWDOOLQHRYHUWKH
HQWLUH UDQJHRIGHSRVLWLRQSUHVVXUH VWXGLHGDV UHYHDOHGE\5DPDQ VSHFWURVFRSLF )LJDQG ORZDQJOH
;5' )LJ  VWXGLHV EHFDXVH WKH QF6L+ ILOPV SUHSDUHG E\ GLIIHUHQW PHWKRGV VKRZ QHJOLJLEOH
SKRWRVHQVLWLYLW\GHSHQGLQJXSRQWKHFU\VWDOOLWHVL]HDQGLWVYROXPHIUDFWLRQ>@


)LJ9DULDWLRQRIGDUNFRQGXFWLYLW\DQGSKRWRFRQGXFWLYLW\DVDIXQFWLRQRIGHSRVLWLRQSUHVVXUH7KHYHUWLFDOEDUV
VKRZWKHVWDQGDUGPHDQHUURU
4. Conclusions 
+\GURJHQDWHG QDQRFU\VWDOOLQH VLOLFRQ QF6L+ WKLQ ILOPVZHUH GHSRVLWHG XVLQJ3(&9' V\VWHPE\
YDU\LQJWKHGHSRVLWLRQSUHVVXUHIURPP7RUUWR7RUU7KHVWUXFWXUDORSWLFDODQGHOHFWULFDOSURSHUWLHV
RIWKHGHSRVLWHGILOPVZHUHLQYHVWLJDWHGLQGHWDLO'HSRVLWLRQUDWHLQFUHDVHVPRQRWRQLFDOO\IURPcVWR
cVZLWKLQFUHDVHLQGHSRVLWLRQSUHVVXUH5DPDQVSHFWURVFRS\DQGORZDQJOH[UD\GLIIUDFWLRQUHVXOWV
VKRZWKDW WKH ILOPVDUHQDQRFU\VWDOOLQHRYHUHQWLUHUDQJHRIGHSRVLWLRQSUHVVXUHVWXGLHG%RWKFU\VWDOOLWH
VL]HDQGFU\VWDOOLQHYROXPHIUDFWLRQKDYHVKRZQGHFUHDVLQJWUHQG7KHVXUIDFHWRSRJUDSK\VWXGLHVXVLQJ
DWRPLFIRUFHPLFURVFRS\LQGLFDWHVWKDWDYHUDJHSDUWLFOHVL]HDVZHOODV506VXUIDFHURXJKQHVVGHFUHDVHV
ZLWK LQFUHDVH LQ GHSRVLWLRQ SUHVVXUH 7KH )7,5 VSHFWURVFRS\ UHVXOWV LQGLFDWH WKDW ZLWK LQFUHDVH LQ
GHSRVLWLRQSUHVVXUHK\GURJHQERQGLQJLQWKHILOPVVKLIWVIURP6L+DQG6L+QWR6L+ERQGHGVSHFLHV
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
%RQGHGK\GURJHQFRQWHQWLQWKHILOPVZDVIRXQGEHORZDWDQGGHFUHDVHVWRaDWZLWKLQFUHDVH
LQGHSRVLWLRQSUHVVXUH+RZHYHU WKHEDQGJDSZDV IRXQG LQGHSHQGHQWRIGHSRVLWLRQSUHVVXUH)URP WKH
SUHVHQWVWXG\LWKDVEHHQFRQFOXGHGWKDWWKHGHSRVLWLRQSUHVVXUHLVDNH\SURFHVVSDUDPHWHUWRLQGXFHWKH
FU\VWDOOLQLW\LQWKH6L+ILOPVE\3(&9'7KHHDVHRIGHSRVLWLQJILOPVZLWKWXQHDEOHFU\VWDOOLWHVL]HDQG
LWVYROXPHIUDFWLRQLVXVHIXOIRUIDEULFDWLRQRIWDQGHPVRODUFHOOV+RZHYHUIXUWKHUGHWDLOHGH[SHULPHQWV
DUHUHTXLUHGWRVWXG\WKHHIIHFWRIRWKHUSURFHVVSDUDPHWHUVWRRSWLPLVHWKHQF6L+ILOPVEHIRUHVWDUWLQJQ
DQGSW\SHGRSLQJIRUVRODUFHOOVDSSOLFDWLRQV
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